Introduction {#S0001}
============

Ferroptosis is a novel non-apoptotic and iron-dependent form of cell death.[@CIT0001] The hallmarks of ferroptosis are defined as the inactivation of phospholipid hydroperoxidase glutathione peroxidase 4 (GPX4), the enhancement of iron and the accumulation of lipid oxidation.[@CIT0002] Previous investigations have demonstrated that ferroptosis can be triggered by natural stimuli, synthetic agents and environmental toxicants in many types of cells.[@CIT0002]--[@CIT0004] Intriguingly, the studies also reported that the engineered nanoparticles could cause ferroptotic cell death in mouse xenograft tumors, and thus suppressed the growth of tumors.[@CIT0005],[@CIT0006] These findings suggest that nanoparticles are capable of inducing ferroptosis in animals and/or cultured cells.

Zinc oxide nanoparticles (ZnONPs) are one of the most important nanomaterials that are widely used in the food, cosmetic and medical industries.[@CIT0007] Increasing evidence is available regarding the toxicological effects of ZnONPs in animals, particularly in the respiratory,[@CIT0008] cardiovascular[@CIT0009] and neuronal systems.[@CIT0010] These toxicological effects have been identified mainly through oxidative stress, inflammation and even cell death.[@CIT0008],[@CIT0011],[@CIT0012] ZnONPs can induce several forms of cell death in cultured cells or animals, including apoptosis,[@CIT0013] necrosis[@CIT0014] and autophagy.[@CIT0008],[@CIT0015],[@CIT0016] Importantly, ZnONPs recently have been found to interact with iron within the cells and significantly elevate the generation of peroxidation products (such as malondialdehyde, MDA),[@CIT0017],[@CIT0018] both of which are highly linked to the hallmarks of ferroptosis. Therefore, it is reasonable to speculate that ferroptosis may be involved in the process of cell death induced by ZnONPs. However, to date, whether ZnONPs can trigger ferroptotic cell death in vivo and/or in vitro remains unknown.

ZnONPs can distribute in various tissues of mice, such as liver, lung and kidney, etc.[@CIT0019] Accumulation of ZnONPs in these tissues may further contribute to the adverse effects by induction of oxidative stress, inflammatory responses and cytotoxicity.[@CIT0008] After systemic distribution, ZnONPs are also capable of reaching the brain via blood--brain barrier penetration or translocation along the olfactory nerve pathway.[@CIT0020] Consequently, ZnONPs have been demonstrated to cause spatial learning and memory deficits of animals by altering the synaptic plasticity in the hippocampus.[@CIT0021] In cultured cells, ZnONPs also induce the strongest cytotoxicity via induction of DNA damage and cell apoptosis in many types of neuronal cell lines, such as neural stem cells, Neuro-2a cells, SH-SY5Y cells and primary cultured astrocytes, etc.[@CIT0022]--[@CIT0025]

In this study, using both C57BL/6J mice and cultured PC-12 cells, we aimed to test the hypothesis that ferroptosis was involved in ZnONPs-induced neuronal cell death in vivo and in vitro. To verify the results obtained from animals and cells, a specific inhibitor of ferroptosis was used. The data showed that inhibition of ferroptosis could remarkably ameliorate the cytotoxicity caused by ZnONPs. These findings will provide a clue that inhibition of ferroptosis by specific agents or drugs may serve as a feasible approach for intervention and/or prevention of ZnONPs-induced neurotoxicity.

Materials and Methods {#S0002}
=====================

Chemicals and Reagents {#S0002-S2001}
----------------------

ZnONPs, \<50 nm particle size, was purchased from Sigma-Aldrich (St. Louis, MO, USA). MDA assay kit, adenosine triphosphate (ATP) assay kit and tissue iron assay kit were obtained from Nanjing Jiancheng Institute of Bioengineering (Jiangsu, China); anti-glutathione peroxidase 4 (GPX4), anti-voltage-dependent anion channel 3 (VDAC3), anti-cystine/glutamate antiporter (SLC7A11), anti-neuronal nuclei antigen (NeuN), anti-microtubule-associated protein 2 (MAP2), anti-Ki67 and anti-GAPDH antibodies were all obtained from Bioss Biological Technology Co. Ltd. (Beijing, China); β-actin antibody was obtained from ABclonal Biotechnology (Woburn, MA, USA); p-JNK (4668), p-ERK1/2 (4370) and p-p38 (4511) antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Cy3 AffiniPure Goat anti-Rabbit IgG (H+L) was from EarthOx Life Sciences (San Francisco, CA, USA); 4.6-diamidino-2-phenylindole (DAPI), phenylmethanesulfonyl fluoride (PMSF) and bicinchoninic acid assay kit were all obtained from Beyotime Institute of Biotechnology (Shanghai, China); fetal bovine serum (FBS) was from Ausbian (Australia); Dulbecco's modified Eagle's medium (DMEM) was obtained from Gibco Life Technologies (Grand Island, NY, USA); CCK-8 assay kit was obtained from Dojindo Laboratories (Shanghai, China); ferrostain-1 (Fer-1) was purchased from APExBIO (Houston, TX, USA); zinc-specific indicator FluoZin-3, AM was provided by Molecular Probes Inc., Invitrogen (Eugene, OR, USA); deferoxamine (DFO) was obtained from Shandong Topscience Biotech Co., Ltd. (Shandong, China). Diethylenetriaminepentaacetic acid (DTPA) was obtained from Sigma-Aldrich (St. Louis, MO, USA). SP600125 (S1460) was purchased from Selleckchem (Houston, TX, USA).

Animal Husbandry {#S0002-S2002}
----------------

Healthy male specific pathogen-free C57BL/6J mice, aged 8 weeks and weighing 21--25 g, were purchased from Experimental Animal Center of Chongqing Medical University \[Chongqing, China, license numbers: SCXK (Yu) 2012--001\]. The mice were housed in propylene cages fitted with filter covers at a controlled ambient temperature (23 ± 1 °C) and relative humidity (55 ± 10%). The animals were maintained under standard laboratory conditions (12-hour light/dark cycle) and were given ad-libitum access to food and tap water. This study was approved by Institutional Animal Care and Use Committee of Chongqing Medical University. All procedures were conducted following the guidelines contained in the guide for the care and use of laboratory animals. All efforts were made to ensure minimal suffering to the animals.

ZnONPs Characterization and Preparation of Exposure Stock {#S0002-S2003}
---------------------------------------------------------

The nature of particles and level of agglomeration were determined by transmission electron microscopy (TEM, Hitachi-7500, Hitachi, Ltd., Tokyo, Japan). Field emission scanning electron microscopy (Hitachi-SU8010, Hitachi, Ltd., Tokyo, Japan) with energy dispersive spectroscopy (Oxford X-MAN50, Oxford Instruments, UK) was used to detect the chemical elemental composition of ZnONPs. Size and zeta potential of ZnONPs were detected by dynamic light scattering and phase analysis light scattering (Zetasizer Nano-ZS, ModelZEN3600, Malvern Instruments Ltd., Malvern, UK). The obtained TEM image, chemical composition, Z-average, PDI and Zeta potential of ZnONPs were all shown in our previous work.[@CIT0008] ZnONPs were suspended in 2% heat-inactivated sibling mouse serum in MilliQ water. The solution of ZnONPs was freshly prepared as quickly as possible and sonicated with an ultrasonic cleaner (SB-5200DT, Ningbo Scientz Biotechnology Co., Ltd., China) for 20 min in an ice water bath before use.[@CIT0026],[@CIT0027]

ZnONPs Intratracheal Instillation {#S0002-S2004}
---------------------------------

The mice were randomly divided into four groups: control, low-dose group, medium-dose group and high-dose group. After one-week adaption, the animals were intratracheally instilled with a single dose of ZnONPs for 3 μg (low), 6 μg (medium) and 12 μg (high) per animal, and the vehicle control animals received 0.9% sterile physiological saline for instillation. The doses of ZnONPs used in the current study were calculated according to the Chinese occupational exposure limit of ZnONPs; detailed information about the process of calculation was described in our previous work.[@CIT0008] Moreover, these concentrations of ZnONPs were also similar to the previous studies.[@CIT0028],[@CIT0029]

The animals were instilled intratracheally once as described previously by Jacobsen et al.[@CIT0028] In brief, after anesthesia, the mice were placed on a 40-degree slope and the trachea was intubated by an insyte catheter with a shortened needle. A total volume of 50 μL ZnONPs suspension or sterile physiological saline was instilled followed by 150 μL air by a syringe. Subsequently, the mice were held with head up and gently transferred on a 37 °C heating plate until they recovered from anesthesia. After 1, 3 and 7 days of ZnONPs administration, three mice from each group were sacrificed and the cerebral cortex tissues were quickly collected for morphological observation. At day 3 after ZnONPs exposure, eight animals from each group were used for the further designed experiments. For the rescue experiments in vivo, 100 μL Fer-1 (10 mg/kg) or vehicle was injected intraperitoneally 1 h before ZnONPs (12 μg/mouse) instillation, six mice per treatment were used. All samples were collected 3 days after ZnONPs instillation for the further indicated analysis in the rescue experiments.

Hematoxylin--Eosin Staining {#S0002-S2005}
---------------------------

The pathological changes of cerebral cortex tissues tissue were evaluated by hematoxylin--eosin (H&E) staining according to protocols described previously.[@CIT0004] Briefly, the tissue-containing slides were deparaffinized in xylene and dehydrated with ethanol. After staining with hematoxylin at room temperature, the sections were rinsed with distilled water and then stained with eosin. Subsequently, the sections were dehydrated by ethanol, cleared in xylene, and finally mounted with neutral balsam.

Immunofluorescence Assay {#S0002-S2006}
------------------------

Immunofluorescence assay was conducted according to the protocols described previously.[@CIT0004] Briefly, the tissue-containing slides were rinsed and incubated in the blocking solution containing serum. The sections were incubated with the primary anti-NeuN (1:500), anti-MAP2 (1:500) and anti-Ki67 (1:500) antibodies at 4 °C overnight. Next day, the Cy3-conjugated secondary antibody (1:500) was incubated at room temperature followed by staining with DAPI. The sections were then observed under a fluorescent microscope (Olympus, IX53, Tokyo, Japan). The average fluorescence intensities were obtained from Image-Pro Plus software (version 6.0, Media Cybernetics, USA).

Transmission Electron Microscopy {#S0002-S2007}
--------------------------------

The ultrastructure of mitochondria was observed by transmission electron microscopy as described previously.[@CIT0004] Briefly, the cerebral cortex tissues were rapidly collected by heart perfusion-fixed technique with 4% paraformaldehyde and 2.5% (w/v) glutaraldehyde buffer. Afterwards, the tissues were dissected and cut into 1 mm^3^ in size. The tissues were then fixed in glutaraldehyde and 1.0% osmic acid, and dehydrated by ethanol. After embedding, the tissue-containing slides were coated with celloidin membrane and stained with uranyl acetate and lead citrate. The slides were observed under transmission electron microscope (Hitachi-7500, Hitachi, Ltd., Tokyo, Japan).

Measurement of ATP, MDA and Iron Contents {#S0002-S2008}
-----------------------------------------

The contents of ATP, MDA and iron were determined by commercial available kits according to the procedures of manufacturers.[@CIT0004] Briefly, the MDA contents were measured at a wavelength of 532 nm, the ATP contents were detected at a wavelength of 636 nm, and the levels of iron were tested at a wavelength of 520 nm by an ultraviolet spectrophotometer (UV-1750, Shimazu, Co., Ltd., Japan) and micro-plate reader (ELX808, Bio-Tek Instruments, Winooski, VT, USA), respectively.

Inductively Coupled Plasma--Mass Spectrometry (ICP-MS) {#S0002-S2009}
------------------------------------------------------

The determination of zinc ion concentration in the cerebral cortex tissue was performed as described previously.[@CIT0008] In brief, the tissues were rapidly dissected and homogenized after the indicated treatment. The homogenate and digestion solution were then added to a Teflon digestion tank (Sineo Microwave Chemistry Technology Co., Ltd., Shanghai, China), followed by heating on an electronic temperature control heating plate (EHC-1, Sineo Microwave Chemistry Technology Co., Ltd., Shanghai, China) until the solution was colorless and dry. After mixing, the concentration of zinc ion was detected by a PerkinElmer NexION™ 300X ICP-MS (Norwalk, CT, USA).

Western Blot Analysis {#S0002-S2010}
---------------------

Western blot analysis was carried out according to procedures as previously described.[@CIT0030] Briefly, the total proteins from tissues or cells were extracted by radioimmunoprecipitation assay buffer containing PMSF and protease inhibitors. The protein concentration was determined by bicinchoninic acid method. Subsequently, the sample\'s protein was denatured and subjected to sodium dodecyl sulfate polyacrylamide gels. After transferring the protein to polyvinylidencedifluoride (PVDF) membrane, the membrane was blocked in 5% non-fat milk and incubated with primary antibodies (SLC7A11, 1:500; VDAC3, 1:500; GPX4, 1:500, p-JNK, 1:1000; p-p38, 1:1000; p-ERK1/2, 1:1000) overnight at 4 °C. The membrane was incubated with secondary antibodies at room temperature for 1 h. The bands were visualized by enhanced chemiluminescence reagents with a Molecular Imager Gel Doc XR System (Bio-Rad, Hercules, CA, USA) and analyzed by Image J software (NIH, Bethesda, MD, USA).

Quantitative PCR Assay {#S0002-S2011}
----------------------

Quantitative PCR assay was performed according to the protocols described by Tang et al.[@CIT0004] Briefly, total RNA was extracted by TRizol reagent (KeyGen Biotech, Nanjing, China) according to the manufacturer's instruction. cDNA was then synthesized with PrimeScript™ RT Master Mix (Perfect Real Time) obtained from TAKARA Co., Ltd. (Tokyo, Japan). Quantitative RT-PCR was conducted by SYBR^®^ Premix Ex Taq™ II (Tli RNaseH Plus) on CFX Connect™ Real-Time System (Bio-Rad, Hercules, CA, USA). The specific primers were synthesized by Sangon Biotechnology Co., Ltd. (Shanghai, China) and are shown in [[Supplementary Table 1](https://www.dovepress.com/get_supplementary_file.php?f=250367.docx)]{.ul}. PCR reactions were carried out under the conditions: 95 °C for 3 min, followed by amplification in 40 cycles of 95 °C for 1030 s at 55 °C for annealing, using the CFX Connect™ Real-Time System (Bio-Rad, Hercules, CA, USA).

Cell Culture {#S0002-S2012}
------------

The PC-12 Adh (ATCC CRL-1721.1^TM^) cell line was obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). Cells were cultured in high-glucose DMEM supplemented with 10% (v/v) FBS, 100 units/mL penicillin and 100 µg/mL streptomycin. Cells were maintained in 25-cm^2^ culture flask in a humidified incubator at 37 °C supplied with 5% CO~2~.

Measurement of Cell Viability {#S0002-S2013}
-----------------------------

Cell viability was determined by using the CCK-8 assay according to protocols described previously.[@CIT0030] Briefly, cells were seeded into 96-well plates and then treated with designed concentration of DTPA, DFO, Fer-1, SP600125 or/and ZnONPs for 24 h. Subsequently, the cells were incubated with a CCK-8 solution at 37 °C in 5% CO~2~ for 4 h in the dark. The absorbance was measured at a wavelength of 490 nm by a micro-plate reader (ELX808, Bio-Tek Instruments, VT, USA). Relative cell viability was calculated and adjusted as the percentage of untreated cells.

Measurement of Intracellular Zinc Concentration {#S0002-S2014}
-----------------------------------------------

Zinc concentration in the cell was detected by FluoZin-3, AM probe using fluorescence-activated cell sorting analysis (FACS). FACS was carried out according to the protocols described previously.[@CIT0031] Briefly, cells were seeded into six-well plates and treated with designed concentration of DTPA and/or ZnONPs. The probe was added into the cells at the final concentration of 500 nM and incubated in the dark for 30 min. Subsequently, cells were washed by the complete medium followed by an additional incubation for 30 min in the dark. FACS analysis were performed on Becton Dickinson (BD) Influx Cell Sorter (BD Biosciences, San Jose, CA, USA) and the results were analyzed by BD FACS Software (San Jose, CA, USA).

Statistical Analysis {#S0002-S2015}
--------------------

All experimental results were reported as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) followed by Tukey's honestly significant different post-hoc test was applied. If the original data were in the face of heterogeneity of variance, a non-parametric Kruskal--Wallis test was used. Statistical analysis was performed using GraphPad Prism 8.0 (GraphPad Software, La Jolla, CA), and statistical significance was set at *P*\< 0.05.

Results {#S0003}
=======

Pulmonary Exposure to ZnONPs Caused the Reduced Number of Neurons in Mouse Cerebral Cortex {#S0003-S2001}
------------------------------------------------------------------------------------------

After intratracheally administration with low- (3 μg/animal), medium- (6 μg/animal) or high- (12 μg/animal) dose ZnONPs, the cerebral cortex tissues of mice were collected on days 1, 3, and 7. H&E staining was used to observe morphological changes of cerebral cortex. The results illustrated that treatment of ZnONPs reduced the number of neuronal cells, and caused the aberrant shape, shrunken or fractured nucleus of cells in the cerebral cortex. Moreover, these pathological changes last for 7 days. These results indicated that intratracheal administration of ZnONPs led to the loss of neuronal cells in the cerebral cortex ([Figure 1](#F0001){ref-type="fig"}). In our previous work, we demonstrated that ZnONPs-induced lung damage might diminish gradually to the normal level with time on post-exposure days 7.[@CIT0008] Based on these findings, the time point at day 3 after ZnONPs exposure was chosen for the following designed experiments.Figure 1Pulmonary exposure to ZnONPs caused the pathological changes in mouse cerebral cortex. After a single treatment of 3, 6, 12 μg/animal ZnONPs via tracheal instillation, the cerebral cortex tissues were collected at post-exposure days 1, 3 and 7. H&E staining was used to observe the morphological changes in the cerebral cortex (*n*= 3). Scale bar = 100 μm in original figures or 50 μm in zoom-in figures.

To verify the loss of neuronal cells induced by ZnONPs in the H&E staining, the specific neuronal protein marker, NeuN, was determined by immunofluorescence assay. The data showed that the fluorescent intensities were remarkably reduced after ZnONPs treatment as compared with the controls, suggesting that ZnONPs gradually decreased number of NeuN-positive neurons with increasing concentrations ([Figure 2A](#F0002){ref-type="fig"}). Because the reduction of NeuN labeling in the brain may be affected by depletion of the protein or loss of its antigenicity,[@CIT0032] expression of another neuronal marker, MAP2, was assessed. Results demonstrated that the average fluorescence intensities of MAP2-labeled cells also sharply declined in a dose-dependent manner in ZnONPs-treated mice ([Figure 2B](#F0002){ref-type="fig"}). Ki67 is a marker of cell proliferation, the initial step in the process leading to neurogenesis in the adult brain.[@CIT0033] To investigate the effect of ZnONPs on the adult neurogenesis, we further tested the expression of Ki67 in the cerebral cortex. Our results showed that ZnONPs caused a decrease in the number of Ki67-positive neurons ([Figure 2C](#F0002){ref-type="fig"}), indicating that the neurogenesis might be affected by ZnONPs treatment. Taken together, these findings suggest that pulmonary inhaled ZnONPs can translocate from lung to brain via systemic translocation and then cause significant reduction on the number of neurons in the cerebral cortex of mice.Figure 2Pulmonary exposure to ZnONPs caused the reduced number of neurons in mouse cerebral cortex. After a single treatment of 3, 6, 12 μg/animal ZnONPs, cerebral cortex tissues were collected for immunofluorescence assay at post-exposure day 3. (**A--C**) Representative images obtained from immunofluorescence reflecting NeuN, MAP2 and Ki67 expressions in mouse cortex tissue. Average fluorescence intensities of NeuN, MAP2 and Ki67 were analyzed by Image-Pro Plus image analysis. Scale bar = 100 μm in original figures or 50 μm in zoom-in figures. Data were derived from at least three independent experiments and were reported as mean ± SD. \*Denoted *P*\< 0.05, compared with the vehicle control.

Pulmonary Exposure to ZnONPs Resulted in Ferroptosis-Related Mitochondrial Oxidative Damage in Mouse Cerebral Cortex {#S0003-S2002}
--------------------------------------------------------------------------------------------------------------------

The process of ferroptosis is typically characterized by mitochondrial dysfunction and lipid peroxidation derived from iron excess.[@CIT0003] Therefore, to test whether ZnONPs exposure triggers ferroptotic cell death in mouse cerebral cortex, ultra-morphological changes of mitochondria were observed by TEM. Our results showed that mitochondrial cristae were significantly reduced or vanished with severe vacuolar lesions, and the density of the mitochondrial membrane was partially condensed ([Figure 3A](#F0003){ref-type="fig"}). As shown in [Figures 3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}, the data illustrated the ATP contents were sharply reduced while the levels of iron within the tissues were significantly enhanced in response to ZnONPs exposure. Given MDA is a typical and sensitive indicator for lipid peroxidation, its contents were further detected after different doses of ZnONPs treatment. We ascertained that ZnONPs were capable of increasing the accumulation of lipid peroxidation products ([Figure 3D](#F0003){ref-type="fig"}). The protein expressions of GPX4 and SCL7A11, both of which were key regulators and used for reflecting ferroptosis, showed significant decrease of their expressions as compared with vehicle controls ([Figures 3E](#F0003){ref-type="fig"} and [F](#F0003){ref-type="fig"}). On the contrary, the opposite trends were observed in the protein expressions of VDAC3, which was found to be involved in the induction of ferroptosis ([Figures 3E](#F0003){ref-type="fig"} and [F](#F0003){ref-type="fig"}). These findings together indicate that pulmonary ZnONP exposure can result in iron accumulation and cause ferroptosis-related mitochondrial oxidative damage in the mouse cerebral cortex.Figure 3Pulmonary exposure to ZnONPs resulted in ferroptosis-related mitochondrial oxidative damage in mouse cerebral cortex. After treatment of ZnONPs, cerebral cortex tissues were collected for designed experiments at post-exposure day 3. (**A**) The ultrastructure changes on the mitochondria were observed by TEM. The yellow arrows showed the representative mitochondria. Scale bar=500 nm. (**B--D**) The total ATP, iron, and MDA contents in the cerebral cortex of mouse were determined by commercial kits. (**E**) Representative Western blot reflecting ferroptosis-related protein levels in mouse cerebral cortex tissues. (**F**) The protein expression of GPX4, VDAC3 and SLC7A11 obtained from at least three independent experiments. β-actin was served as loading control. Data were derived from at least three independent experiments and were reported as mean ± SD. \*Denoted *P*\< 0.05, compared with the vehicle control.

Pulmonary Exposure to ZnONPs Increased the Level of Zinc in the Mouse Cerebral Cortex {#S0003-S2003}
-------------------------------------------------------------------------------------

Because of their small size, inhaled ZnONPs have been found to penetrate the blood--air barrier and the blood--brain barrier, thus translocating to the brain by systemic circulation via blood.[@CIT0010],[@CIT0019],[@CIT0021] Indeed, in this study, by using ICP-MS analysis, our results observed that the level of zinc in the cerebral cortex was significantly increased in a dose-dependent manner, although a low concentration of ZnONPs did not cause a statistical change of the level of zinc in mouse cerebral cortex ([Figure 4A](#F0004){ref-type="fig"}). Metallothioneins (MTs) are small, cysteine-rich proteins that can bind zinc and act as a zinc reservoir. The metallothionein 2 (Mt2) isoform is predominantly found in the brain. At physiological conditions, zinc is terminally bound to the cysteine thiols of Mt2, making bead-like structures, while the expression of Mt2 can be elevated in response to an increased level of zinc.[@CIT0034],[@CIT0035] To further verify the results obtained from ICP-MS analysis, we detected the mRNA expression of Mt2 after ZnONPs treatment. Our results showed that the mRNA expression of Mt2 was significantly enhanced in ZnONPs-treated mice in a related dose-dependent manner ([Figure 4B](#F0004){ref-type="fig"}). These findings indicate that pulmonary ZnONPs exposure increased the level of zinc in the cerebral cortex.Figure 4Pulmonary exposure to ZnONPs increased the level of zinc in the mouse cerebral cortex. After treated of animals with ZnONPs, cerebral cortex tissues were collected at post-exposure day 3. (**A**) The level of zinc was measured by using ICP-MS. (**B**) The mRNA expression of Mt2 was determined by qPCR assay. Data were derived from at least three independent experiments and were reported as mean ± SD. \*Denoted *P*\< 0.05, compared with the vehicle control.

ZnONPs Reduced Cell Viability via Increasing Concentrations of Zinc in PC-12 Cells {#S0003-S2004}
----------------------------------------------------------------------------------

Because the enhancement of zinc was observed in the cerebral cortex, we further determined that the role of zinc in ZnONPs induced a reduced number of neuronal cells by using an in vitro culture system. First, we performed a CCK-8 assay to obtain the dose-related cytotoxic effects of ZnONPs on PC-12 cells. Our data showed 30 μg/mL ZnONPs treatment for 24 h significantly reduced cell viability ([Figure 5A](#F0005){ref-type="fig"}). Based on these results, this dose was chosen for the further designed experiments. Second, DTPA (200 μM), a potent metal chelator to exchange zinc for a metal of greater binding capacity, was applied to test the role of zinc in the regulation of neuron-like cell viability. Our results demonstrated that DTPA co-treatment with ZnONPs did not cause any cytotoxic effects in PC-12 cells, although DTPA itself could trigger inhibition of cell viability ([Figure 5B](#F0005){ref-type="fig"}). On the one hand, these results suggest a reduction of zinc concentration may lead to a significant decrease on cell viability; on the other hand, the obtained data also indicate that chelating with zinc by DTPA can attenuate the cytotoxicity of ZnONPs. As illustrated in [Figure 5C](#F0005){ref-type="fig"}, single ZnONPs exposure remarkably elevated the transcriptional Mt2 mRNA level compare d with untreated cells, whereas this enhancement of Mt2 mRNA expression could be relieved by co-treatment with DTPA. A similar phenomenon was observed on the intracellular zinc concentration in PC-12 cells ([Figure 5D](#F0005){ref-type="fig"}). These findings indicate that ZnONPs reduce cell viability by increasing zinc concentration within PC-12 cells.Figure 5ZnONPs reduced cell viability via increasing concentrations of zinc in PC-12 cells. Cells were treated with various concentrations of ZnONPs ranged from 0 to 60 μg/mL for 24 h. (**A**) Cell viability was detected by CCK-8 assay. (**B**) The effect of zinc chelator DTPA in regulation of PC-12 cell viability in absence and presence of ZnONPs. (**C**) Effects of DTPA on regulation of Mt2 mRNA expression in absence and presence of ZnONPs treatment. Zinc concentration in the cell was detected by FluoZin-3, AM probe using fluorescence-activated cell sorting analysis, and the effects of DTPA on regulation of intracellular zinc concentration are shown in (**D**). Data were derived from at least three independent experiments and were reported as mean ± SD. \*Denoted *P*\< 0.05.

ZnONPs Triggered Ferroptotic Cell Death in Cultured PC-12 Cells {#S0003-S2005}
---------------------------------------------------------------

Pulmonary exposure to ZnONPs was capable of inducing ferroptosis-related mitochondrial oxidative damage in mouse cerebral cortex. To further verify the involvement of ferroptosis in ZnONPs-triggered cell death, a selective inhibitor of ferroptosis, Fer-1 (2 μM), was used in the cultured PC-12 cells. Our data found the reduction of cell viability induced by ZnONPs was significantly relieved when co-treated with Fer-1 ([Figure 6A](#F0006){ref-type="fig"}). As the ferroptotic cell death typically occurred via the production of excess intracellular iron, the iron chelator deferoxamine (DFO, 100 μM) was used to test if ZnONPs-triggered cell death was initiated in an iron-dependent manner. Indeed, our results illustrated that, after co-treatment with DFO for 24 h, the cell viability could return to near normal levels, suggesting ZnONPs-induced cell death could be rescued by chelating iron ([Figure 6B](#F0006){ref-type="fig"}). These findings were confirmed by detection of ferroptosis-related protein expressions. As depicted in [Figures 6C](#F0006){ref-type="fig"} and [D](#F0006){ref-type="fig"}, the protein expression levels of GPX4 and SCL7A11 were markedly decreased by ZnONPs in a dose-dependent manner. Importantly, the reduced protein expressions of these two proteins could be ameliorated by co-treatment of DFO or Fer-1 ([Figures 6E](#F0006){ref-type="fig"} and [F](#F0006){ref-type="fig"}). A similar trend was also observed in the determination of MDA, a classic lipid peroxidation product, showing that Fer-1 co-treatment significantly reduced the enhanced content of MDA induced by ZnONPs ([Figures 6G](#F0006){ref-type="fig"} and [H](#F0006){ref-type="fig"}). These findings together suggest ferroptosis is involved in ZnONP-triggered cell death in PC-12 cells.Figure 6ZnONPs triggered ferroptotic cell death in cultured PC-12 cells. Cells were treated with 2 μM Fer-1 and 100 μM DFO in absence and presence of ZnONPs. The cell viability was evaluated by using CCK-8 assay, and the results are shown in (**A**) and (**B**), respectively. The protein expressions of ferroptosis-related markers were assessed by Western blot analysis. (**C**) Representative Western blot reflecting GPX4 and SCL7A11 protein levels in PC-12 cells. β-actin was served as loading control. (**D**) Relative protein expression of GPX4 and SLC7A11 obtained from at least three independent experiments. (**E,F**) Effects of Fer-1 and DFO on the protein expressions of ferroptosis-related markers, both of which were detected by Western blot. (**G**) Effects of ZnONPs on the contents of MDA. (**H**) Effects of Fer-1 on the content of MDA in absence and presence of ZnONPs. Data were derived from at least three independent experiments and were reported as mean ± SD. \*Denoted *P*\< 0.05.

Fer-1 Inhibited ZnONPs-Induced Ferroptotic Cell Death in Mouse Cerebral Cortex {#S0003-S2006}
------------------------------------------------------------------------------

To further verify the results obtained in PC-12 cells, we pre-treated mice with Fer-1 (10 mg/kg) by intraperitoneal injection 1 h before ZnONPs administration. The method of pre-treatment of Fer-1 had been reported to exhibit better antagonistic effects against ferroptosis than either post-treatment or co-treatment.[@CIT0036] In this study, similar protective effects of Fer-1 against ZnONPs-induced ferroptotic cell death were also observed. Our results showed that pre-treatment of Fer-1 significantly elevated the protein expressions of GPX4 and SLC7A11 in ZnONPs-treated mice ([Figure s 7A](#F0007){ref-type="fig"} and [B](#F0007){ref-type="fig"}). Similarly, the enhanced MDA contents in ZnONPs-treated mice were significantly reduced by Fer-1 ([Figure 7C](#F0007){ref-type="fig"}). However, we did not find any changes in the mRNA expressions of Mt1, Mt2, Mt3 and Mt4 in the ZnONP-exposed mice pre-treated with Fer-1 when compared with single ZnONPs treated mice ([Figure 7D](#F0007){ref-type="fig"}). These results indicate that Fer-1 could inhibit ferroptosis in the cerebral cortex but might not influence the release of zinc ions.Figure 7Fer-1 inhibited ZnONPs-induced ferroptotic cell death in mouse cerebral cortex. The animals were pre-treated with 10 mg/kg Fer-1 by intraperitoneal injection 30 min before ZnONPs administration (*n*= 6). The protein expressions of GPX4 and SCL7A11 were detected by Western blot. (**A**) Representative Western blot reflecting ferroptosis-related protein levels in mouse cerebral cortex tissues. (**B**) Relative protein expression of GPX4 and SLC7A11 obtained from at least three independent experiments. β-actin was served as loading control. (**C**) The MDA contents were measured by using commercial kits. (**D**) The mRNA expression of Mt1, Mt2, Mt3 and Mt4 were assessed by qPCR assay. Data were derived from at least three independent experiments and were reported as mean ± SD. \*Denoted *P*\< 0.05.

Activation of c-Jun NH2-Terminal Kinases (JNK) Pathway Involved in ZnONPs-Induced Ferroptotic Cell Death {#S0003-S2007}
--------------------------------------------------------------------------------------------------------

Activation of the mitogen-activated protein kinase (MAPK) pathway has been revealed to contribute to ferroptotic cell death.[@CIT0003] The MAPK pathway is mediated by extracellular signal-regulated kinase (ERK), JNK, and p38 protein kinases.[@CIT0037] After treatment with ZnONPs, we found the protein expressions of p-p38 did not show any significant changes in cerebral cortex tissues as compared with vehicle controls ([Figure 8A](#F0008){ref-type="fig"}). The protein expressions of p-ERK1/2 and p-JNK were both enhanced in ZnONPs-treated mice, but the expression of p-JNK showed greater enhancements than that of p-ERK1/2 ([Figure 8A](#F0008){ref-type="fig"}). Consistently, ZnONPs remarkably increased the level of p-JNK in a dose-dependent manner in cultured PC-12 cells ([Figure 8B](#F0008){ref-type="fig"}). To further verify the role of activation of JNK involved in ZnONPs-triggered ferroptosis, the specific inhibitor of p-JNK, SP600125 (10 μM), was used. Our results illustrated that inhibition of the JNK pathway not only significantly reduced the increased contents of MDA ([Figure 8C](#F0008){ref-type="fig"}), but also markedly reversed cell death in ZnONPs-treated PC-12 cells ([Figure 8D](#F0008){ref-type="fig"}). These findings suggest that activation of the JNK pathway may be involved in ZnONPs-induced ferroptotic cell death.Figure 8Activation of JNK pathway involved in ZnONPs-induced ferroptotic cell death. After treatment of mice with ZnONPs, cerebral cortex tissues were collected at post-exposure day 3. The protein expressions of p-JNK, p-ERK1/2 and p-p38 were assessed by Western blot. (**A**) Representative Western blot reflecting p-JNK, p-ERK1/2 and p-p38 protein levels in mouse cerebral cortex tissues. PC-12 cells were treated with different concentrations of ZnONPs (0, 5, 10, 20 and 25 μg/mL) and the protein expression of p-JNK was determined. (**B**) Representative Western blot reflecting p-JNK protein levels. GAPDH was served as loading control. SP600125 was a specific inhibitor of p-JNK. After treatment of SP600125 (10 μM) with or without ZnONPs, the MDA contents and cell viability were measured. (**C**) Effects of SP600125 on the contents of MDA in absence and presence of ZnONPs. (**D**) Effects of SP600125 on the cell viability in absence and presence of ZnONPs. Data were derived from at least three independent experiments and were reported as mean ± SD. \*Denoted *P*\< 0.05.

Discussion {#S0004}
==========

Inhalation is the main and typical route of entry to human for ZnONPs exposure in workplaces. This occurs mostly by releasing zinc oxide fumes during industrial activities, such as thermal cutting, welding of steel and melting, etc.[@CIT0038] Such exposure of ZnONPs via airway may result in metal fume fever in workers. The systemic inflammatory effects of ZnONPs inhalation further cause permanent pathological changes in different organs, including the brain.[@CIT0038]--[@CIT0040] In the present study, to ensure consistent amounts of inhaled nanoparticles per animal, a single intratracheal instillation of ZnONPs was used. Because the bioavailability of metal oxide nanoparticles is often related to the ability of nanoparticles to deliver soluble metal ions to adjacent tissues,[@CIT0041] the increased levels of zinc ion and Mt2 expression observed in the mouse cerebral cortex tissues may suggest administration of ZnONPs by this way spray directly into the airway tract of animals and facilitate their absorption and distribution. Intriguingly, we also found that the pathological changes in cortex tissues at day 7 were not more serious than that at day 3 after ZnONPs treatment. Similar trends were also found in lung tissues,[@CIT0008] and this manifestation may be due to metabolism or excretion of nanoparticles via urine or feces with increasing time.

Growing evidence has demonstrated that ZnONPs are capable of reaching the brain because of their extremely small size.[@CIT0010],[@CIT0021],[@CIT0042] There are two explanations for the accumulation of inhaled ZnONPs in the brain. First, ZnONPs that are small enough can reach the lower airways and gain access to the air--blood barrier, which is the most permeable barrier in the body. ZnONPs may translocate across the air--blood barrier permitting systemic access to extra-pulmonary organs.[@CIT0043] They are also able to penetrate the blood--brain barrier directly by transcytosis and consequently produce neuronal injury.[@CIT0044] Second, inhaled ZnONPs reach the brain indirectly via an olfactory bulb--brain translocation pathway.[@CIT0042],[@CIT0045] In this study, we found administration of ZnONPs by intratracheal instillation caused the pathological changes in the cerebral cortex tissues, mainly manifested by a reduced number of neuronal cells. These results partially indicate that pulmonary exposed ZnONPs can aggregate in the brain via the above two ways to reach the central nervous system where neurotoxic effects could develop. In addition, it is now well-documented that small-sized nanoparticles (less than 50 nm) produce greater neuronal injury than larger ones.[@CIT0042] A previous report illustrated that nanoparticles with approximate size of 50--60 nm were able to disrupt the blood--brain barrier of an in vivo system, therefore leading to the brain pathology.[@CIT0046] Similarly, we observed pathological changes in the brain when mice were treated with ZnONPs under 50 nm particle size. Some studies have reported the opposite results. For instance, Deng et al. revealed no size-dependent cytotoxic effects of ZnONPs on neural stem cells after a 24 h short-term exposure.[@CIT0023] This discrepancy implies in vitro studies may lead to results that do not correspond to circumstances occurring in a living organism. Considering this potential discrepancy between in vivo and in vitro, in this study, we used both animals and cell models to test whether ZnONPs triggered ferroptosis in neuronal cells.

Fer-1 is a potent and selective inhibitor of ferroptosis that effectively slows the accumulation of lipid hydroperoxides and thereby inhibits cell death.[@CIT0047] Indeed, in this study, Fer-1 obviously inhibited the phenotype of ferroptosis induced by ZnONPs in both cultured PC-12 cells and animals. It is noteworthy that we did not find any significant alterations on the mRNA expressions of Mt1, Mt2, Mt3, Mt4, although zinc ion chelation by DTPA evidently ameliorated the cytotoxicity of ZnONPs. On the one hand, these results signify the protective effects of Fer-1 against ferroptosis are not associated with the level of zinc ion within the cells. On the other hand, it is believed that the cytotoxicity of ZnONPs may occur as a result of release of zinc ions in the biological micro-environment. Similar to other metal nanoparticles, zinc ions play a critical role in ZnONPs cytotoxicity, despite the effects of the intact nanoparticle form which cannot be excluded.[@CIT0048]--[@CIT0051] Intriguingly, some epidemiological investigations have revealed that iron and zinc may interact in the body and thereby decrease the efficacy of iron supplementation.[@CIT0052],[@CIT0053] Moreover, zinc also has an inhibitory effect on iron absorption.[@CIT0054] These results together suggest that the elevated concentration of zinc ions in the brain may be a risk factor for the initiation of iron-dependent cell death.

Both iron metabolism and lipid peroxidation are recognized as central mediators in the initiation and execution of ferroptosis.[@CIT0003] However, cellular sensitivity to ferroptosis is also modulated by several other pathways, such as production of coenzyme Q10, upregulation of endoplasmic reticulum stress and activation of MAPKs pathways, etc.[@CIT0055],[@CIT0056] Among these pathways, MAPK cascades are the vital signaling pathway that regulate diverse cellular programs, including cell proliferation, differentiation, development and cell death.[@CIT0057] In mammals, there are more than a dozen MAPK enzymes, and the best-known conventional enzymes are ERK, p38 and JNK.[@CIT0057] The role of MAPKs in the regulation of ferroptosis has been revealed for several years. Blocking the ERK pathway inhibited ferroptosis in Ras-mutated cancer cells, but JNK and p38 appeared to be important in leukemia cells.[@CIT0055],[@CIT0058] Inhibition of JNK phosphorylation significantly decreased the cytotoxicity induced by ferroptosis inducers in leukemia cells.[@CIT0058] These results indicate that MAPKs may serve in a cell type-specific way in the process of ferroptosis. In this study, we observed a similar phenomenon in the cultured PC-12 cells, which originated from a pheochromocytoma of the rat adrenal medulla with neuronal phenotype. Our results showed ZnONPs markedly enhanced the level of p-JNK expression, but they did not activate the p-ERK and p-p38 pathway significantly. Inhibition of p-JNK by its specific agent not only relieved the overproduced lipid peroxidation product, but also reduced the cytotoxicity of ZnONPs. These findings confirm the notion that the MAPK pathway is tightly linked to the initiation of ferroptosis, but the activation of specific MAPK pathways may vary depending on the cell types, environmental stimuli or drugs.

There are several limitations regarding this study that should be considered. First, the toxicity of ZnONPs may depend on the duration of exposure time, the size of nanoparticle and the dose used, etc.[@CIT0010] In this study, we did not treat mice with ZnONPs for a long time based on the following two reasons. One was that the beneficial effects of a ferroptosis-specific inhibitor might not last for a long time because of drug metabolism. The other was because the toxicity of ZnONPs had been found to recover as time went by.[@CIT0008] Second, Fer-1 usually acts as a lipid ROS scavenger, and the inhibited effects of Fer-1 against ferroptosis may be affected by the other potential mechanisms, such as anti-oxidative effects. Third, although ferroptosis is distinct from canonical apoptosis, autophagy and necroptosis, we did not exclude whether airway exposure to ZnONPs initiated the other forms of cell death. Also, we even did not know which form of cell death dominates the cytotoxicity of ZnONPs for the neurons. Do these forms of cell death all or partially exist in response to ZnONPs exposure? Is ferroptosis independent of other known cell death pathways? These questions and related mechanisms remain unsolved and need further investigation.

In summary, in this study, we demonstrated for the first time that pulmonary exposure to ZnONPs triggered ferroptosis in the neuronal cells of mouse cerebral cortex. Similar phenomena were also observed in cultured PC-12 cells. Importantly, our results showed that inhibition of ferroptosis could alleviate ZnONPs-induced neuronal cell death both in vivo and in vitro. The molecular findings from this study indicated that ZnONPs selectively activated the JNK pathway and therefore resulted in ferroptotic phenotypes ([Figure 9](#F0009){ref-type="fig"}). These results will provide the novel evidence that inhibition of ferroptosis by specific agents or drugs may be the potential strategy for reducing untreatable neurotoxicity induced by ZnONPs airway exposure.Figure 9The experimental design and main results of this study are summarized.
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